. A multi-pronged investigation into the effect of glucose starvation and culture duration on fed-batch CHO cell culture.
Introduction
Over the last decade Chinese hamster ovary (CHO) cells have been the predominant expression system used in the pharmaceutical bioprocessing of recombinant monoclonal antibodies (mAbs) due to their adaptability to industrial manufacturing environment and posttranslational modification compatibility with human patients (Lim et al. 2010) . Fed-batch culture has become a widely used approach for mAb production because of its value in extending the viable and productive phase of the culture (Rouiller et al. 2013) .
The manufacturing process is typically optimized for increasing the productivity of mAbs, but this often increases the risk of compromising the critical quality attributes of the recombinant product. A number of strategies aiming at improving final titer have been proposed. For example, limiting the feed of glucose to minimize lactate accumulation Gagnon et al. 2011 ) and extending culture duration to prolong the production window (Druz et al. 2013; Robinson et al. 1994) , have been successfully implemented. However, all these strategies require precise control of the production process.
The level of glucose limitation is crucial for the process, since it may cause undesired glucose starvation and lead to reduced cell growth and productivity (Hu et al. 1987) and altered Nglycosylation quality (Liu et al. 2014) . Extended culture duration may also affect the mAb quality in terms of N-glycosylation patterns (Pacis et al. 2011) . N-glycosylation of mAbs affects their pharmacokinetic characteristics and efficacy as a drug, including clearance rate, stability, immunogenicity, antibody-dependent cellular cytoxicity (ADCC) and complementdependent cytoxicity (CDC) (Goetze et al. 2011; Hossler et al. 2009; Jefferis 2012; Raju 2008; Zheng et al. 2011) .
Recently, CHO cell bioprocessing entered the omics era (Kildegaard et al. 2013 ), thanks to the availability of the CHO-K1 and Chinese hamster genome sequences, along with draft genomes of multiple cell lines (Cao et al. 2012; Lewis et al. 2013; Xu et al. 2011 ). This has made other omics-based technologies more readily available for CHO cell culture, including RNA-sequencing transcriptomics analysis (McGettigan 2013) and tandem mass spectrometry-based proteomics analysis (Baycin-Hizal et al. 2012) . In order to increase the understanding of CHO cell physiology to better control the quality attributes of mAbs, a multi-pronged approach that integrate data from cell culture behavior, metabolism, mAb quality and omics-based phenotyping will become a trend for CHO cell culture process development in the future.
This study is, to our best knowledge, the first time a multi-pronged approach has been used to investigate the effect of glucose starvation and culture duration on mAb production in fedbatch CHO cell culture. Here, we aim to understand how the titer and N-glycosylation of the mAb product, as well as the proteomic signature and the intrinsic properties of the cells, are affected by changing these process parameters. The results presented herein provide mechanistic insight into how these process parameters influence mAb productivity and quality, and thus should aid in the identification of an appropriate operating windows for glucose limitation without running into glucose starvation and of the optimal harvest time.
Materials and methods

Cell culture and fed-batch process
Cell line A, an in-house CHO DG44 cell line producing mAb A was used as model cell line in this study. Cells were maintained in proprietary serum-free basal medium in shake flask at 37˚C, 5% CO 2 , 200 rpm prior to the fed-batch process.
Fed-batch culture was carried out in 500 ml shake flasks (working volume 50 -100 ml) at 37°C, 5% CO 2 , 200 rpm with an initial seeding density of 4×10 5 viable cells/mL and temperature shift from 37°C to 33.5°C on day 5. Proprietary feed was added to the culture on days 2, 5, 7, 9 and 12 (10% of the initial culture volume). Glucose concentration was adjusted to 33mM on day 5 and to 50mM on day 12. Cell culture was sampled before feeding on days
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This article is protected by copyright. All rights reserved 2, 5, 7, 9, 12 and 14 for monitoring cell growth (Vi-CELL XR, Beckman Coulter, Brea, CA), cell metabolism (Bioprofile 100plus, Nova BioMedical, Waltham, WA) and mAb production (Octet QK384 equipped with Protein A biosensors, ForteBio, Menlo Park, CA). Sampling for intracellular nucleotide sugar quantification and mAb glycoprofiling was performed on days 2, 5, 9 and 12. Harvesting criteria for the culture was considered to be either when cell viability fell below 70% or on day 14, whichever occurred first. Four different fed-batch processes were performed in duplicate: severe glucose starvation (SGS), high glucose starvation (HGS), low glucose starvation (LGS) and no glucose starvation (NGS). In each of these processes, glucose concentration was set to 11mM (SGS), 22mM (HGS), 33mM (LGS) and 50mM (NGS) on day 9 of the fed-batch culture. Additional sampling for comparative proteomics analysis was performed on days 2 and 9 of the NGS process.
Nucleotide sugar analysis
Nucleotide sugar analysis was performed on harvested cell pellets using acetonitrile extraction followed by high-performance anion-exchange (HPAEC) HPLC as described previously (Fan et al. 2015; Jimenez Del Val et al. 2013 ).
Semi-high throughput mAb purification
The supernatant harvested from cell culture was filtered through a 0.22μm filter (Millipore, Billerica, MA) and applied onto a Protein A HP MultiTrap™ 96-well filter plate (GE Healthcare, Fairfield, CA) which had been previously equilibrated with PBS following the manufacturer's instructions. Elution was performed using 0.1M citrate buffer (pH=3.5, Sigma-Aldrich). The eluate was immediately transferred to a Zeba™ spin desalting plate (Thermo Scientific, Waltham, MA) previously equilibrated with a 10mM citrate, 150mM NaCl (pH=6.0) buffer (Sigma-Aldrich, St. Louis, MO). Purified mAb concentration was measured using a NanoDrop ND-1000 system (Thermo Scientific) prior to sample storage at -20°C.
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Statistical analysis of glycoform distributions
Differences among the glycoform distributions were evaluated by comparing the mean obtained from two independent experiments. Depending on equality of variances, different post-hoc tests were performed to assess the statistical significance of the differences among the means. First, the variances of each treatment were compared using Levene's test. If the variances were observed to be equal, a one-way ANOVA was performed to evaluate the differences between the means of the treatments. Where the ANOVA yielded statistically significant differences (p ANOVA <0.05), Tukey's honest significant difference test was performed post-hoc for pairwise comparisons. For data where the variances were found to be unequal, a one-way Welch's ANOVA was performed, and if this analysis yielded statistical significance (p WELCH <0.05), the Games-Howell post hoc test was performed for pairwise comparisons. All statistical analysis was performed using the IBM SPSS Statistics software, v.20 (SPSS Inc. 2011).
Sample preparation for proteomics analysis
Two biological replicates from days 2 and 9 of the NGS fed batch process were subjected to proteomics analysis using iTRAQ (isobaric Tags for Relative and Absolute Quantification) labeling mass spectrometry (Aggarwal et al. 2006; Pottiez et al. 2012) . The harvested cells were washed with ice-cold PBS (Invitrogen, Life Technologies, Carlsbad, CA), flash-frozen in liquid nitrogen and stored at -80°C prior to cell lysis. For lysis, the cells were thawed and 
Fractionation of peptides
The bRPLC method was performed to improve identification of unique peptides in the sample as was described byBaycin-Hizal et al. (2012) . Peptides were fractionated on an XBridge C18 Column (5 µm, 2.1 x 100 mm, Waters, Milford, MA) with an XBridge C18 Guard Column (5 µm, 2.1 x 10 mm, Waters), using an Agilent HPLC system consisting of a 1100 series binary pump, a 1200 series UV detector and a 1200 series micro-fraction collector. Fractionation of peptides was carried out by a linear gradient (T0 min =10% B, T10 min=10% B, T50 min=35% B, T50.1 min=70% B, T60 min =70% B, T60,1min = 100% B, T70 min = 100% B, T70.1 min = 10% B, T95 min = 10% B) between solvent A (10 mM TEABC, Sigma-Aldrich) and solvent B (10 mM TEABC in 90%v/v Acetonitrile, Sigma-Aldrich) with a flow rate of 250µL/min. 84 bRP fractions were collected and re-combined into 24 fractions and then dried in a SpeedVac (Savant, Thermo Scientific) prior to liquid chromatography/tandem mass spectrometry (LC-MS/MS) analysis. 
LC-MS/MS analysis
MS data analysis
The obtained MS data was compared against the cricetulus_g_v2 custom database, which was constructed using the RefSeq annotation of the CHO genomic sequence downloaded in October, 2013. Protein identification was performed using Mascot v2.2.2 (Matrix Science)
where the searches were processed with a confidence threshold of 1% False Discovery Rate (FDR). Protein ratios were calculated based on the median value of the unique peptide ratios.
Comparative proteomics analysis
A BLASTp search of all identified proteins was performed against the mouse, human and rat RefSeq databases (accessed on November, 2013) in order to find the closest homologous proteins (lowest E-value) in these species. Identifiers, including RefSeq Protein Accession, ENSEMBL gene ID, UNIPROT accession and Agilent ID for each protein were subsequently obtained using the Gene ID conversion Tool from the DAVID database (Huang da et al. (Subramanian et al. 2005 ) was performed on the proteins that exhibited differential expression between days 2 and 9. The resulting data were used to identify the up and down-regulated gene sets (between 15 and 500 genes per set) between days 2 and 9 of the NGS fed-batch process. This analysis was performed using both the functional database (a combination of Biocarta, KEGG and Reactome databases) and the gene ontology database (downloaded from Molecular Signatures Database v4.0, http://www.broadinstitute.org/gsea/msigdb/index.jsp).
Leading edge genes (genes that are core representatives of their gene set with FDR q-value cutoff of 0.25) were identified using Leading-edge analysis. An enrichment map (Merico et al. 2010 ) of the gene clusters were obtained in Cytoscape v3.1.1 using the GSEA results as input, a p-value cutoff of 0.05 and an FDR q-value cutoff of 0.25. A direct search using all
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Results and Discussion
During fed-batch manufacturing of mAbs, glucose concentration and culture duration are considered to be critical parameters for both productivity and quality (Pacis et al. 2011; Xie et al. 1997) . Therefore, lack of control in these parameters is always risky for mAb manufacture. Here, we investigate the effect of glucose starvation during early stationary phase of fed-batch culture and the effect of culture duration on mAb productivity and glycosylation. Our results contribute to further understand how glucose starvation and culture duration impact CHO cell physiology in fed-batch culture processes and yields insight into potential metabolic and/or proteomic causes for these effects.
Effect of glucose starvation
Culture performance and mAb productivity of four culture processes with different degrees of glucose starvation (SGS, HGS, LGS and NGS) are shown in Figure 1 and are summarized in Table I . As would be expected, glucose starvation during early stationary phase resulted in earlier onset of cell death (Figures 1 A and B 
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This article is protected by copyright. All rights reserved (Chee Furng Wong et al. 2005; Fan et al. 2015; Wong et al. 2010b ). It has been previously suggested that glucose depletion can reduce the biosynthesis of nucleotide sugars (Kochanowski et al. 2008 ). In accordance with this hypothesis, we observed reduced ( These authors have reported that considerable amounts of the Gln consumed during CHO cell culture is deamidated to yield ammonia and glutamate (Glu), the latter of which is then converted to TCA cycle intermediates such as oxaloacetate and -ketoglutarate ( -KG). It is likely that under glucose starvation, glutamine and other amino acids uptake towards TCA cycle intermediates is increased in an attempt to sustain cellular energetic requirements, and that this increased glutaminolysis towards TCA cycle intermediates translates into a decreased flux of Gln towards GlcN-6P and eventual UDP-GlcNAc formation.
Simultaneously, the flux of glucose that is not being converted to UDP-GlcNAc due to lack of Gln availability may be funneled towards UDP-Glc and UDP-Gal formation, possibly generating the observed accumulation in the HGS and SGS cultures. This mechanism is further substantiated by the observed increase in both Glu and NH 4 + concentration seen in In Table II , the fractions of secreted mAb change during the intervals depend on variations in specific productivity (q p ), which are most likely a consequence of glucose availability for each case. Specifically, a smaller fraction of the total mAb produced is being secreted by the HGS and SGS cases in the interval where glucose limitation was introduced (9 to 12d). When considering these changes in q p with respect to glucose availability, the reason why SGS yields a distribution with more highly processed glycoforms at day 12 is that during the starvation period, only 15.2% ± 0.5% of the total amount of mAb is produced. This lower fraction is diluted with the product that has been secreted up to that point in culture (84.8% ±
This article is protected by copyright. All rights reserved 0.5%), and it is the dilution effect which leads to lower apparent decreases in mature glycoforms between days 9 and 12 ( Figure 4) . In contrast, a larger fraction of the total mAb is produced for the cases of less glucose starvation during the starvation period and thus, the dilution effect associated with changes in q p may mask the impact of cellular metabolism (via nucleotide sugar biosynthesis) on glycosylation.
In order to account for the effect of q p on the glycan distributions after glucose limitation, the relative amount of each mAb glycoform produced (f i ) during the interval was calculated based on a material balance for glycoform i (mAb i ) over the starvation period:
Where q p is the mAb specific productivity and X v is the average cell density over the time interval (from t1=9d to t2=12d for the starvation period). And considering that , we find a simpler expression for f i :
In equation 2, f i represents the mass fraction of mAb glycoform i produced relative to the total amount of mAb secreted during the time interval. Because Fc glycan variation accounts for very small changes in mAb molecular weight (<0.05%), f i was assumed to be a close approximation to the mole fraction of mAb glycoform i per total moles of mAb produced over the starvation interval. Figure 4 shows the fractions calculated with equation 2 for the interval before (day 5 to 9) and after (day 9 to 12) glucose starvation is induced for all degrees of glucose limitation (NGS, LGS, HGS and SGS). As expected, there are no statistical differences between the cases prior to glucose starvation (day 5 to 9) given that up to this point, all cultures were performed under similar conditions. However, statistically significant differences can be
This article is protected by copyright. All rights reserved observed for Man5, G1F and G2F between the time intervals and among certain glucose starvation conditions during the 9 to 12d interval. Figure 4A shows that more Man5 is secreted during the 9 to 12d interval for all but the SGS culture. Within this interval, and depending on the different glucose starvation conditions, there is a decreasing trend where less Man5 is produced at higher glucose starvation. These results are reflected in GlcNAc occupancy (Figure 4, bottom row) .
When considering the intracellular UDP-GlcNAc concentrations presented in Figure 2 , it is evident that lack of availability of this NS is not causing the increase in Man5 secretion for the NGS and LGS cultures. This is further substantiated by the small decrease in G0F glycoform secretion after glucose starvation for NGS, and no statistically significant changes in A1G0F secretion (Figures 4 B and C) . If UDP-GlcNAc availability were limiting, secretion of both these glycoforms would also be negatively impacted. Furthermore, the intracellular accumulation of UDP-GlcNAc, the increase in Man5 secretion, and the relative stability of G0F secretion imply that the rate limiting step is the reaction catalysed by the GnTI enzyme. The measured ranges for extracellular pH and ammonia concentration are below those that have been previously reported to impact the activity or Golgi localisation of GnTI (Borys et al. 1993; Gawlitzek et al. 2000; Rivinoja et al. 2009 ). The remaining possible cause for increased Man5 secretion in the least glucose-deprived cultures is the abundance of GnTI relative to specific mAb productivity ( Figure S2 ). When considering this is the limitation, intracellular accumulation of UDP-GlcNAc is explained: a low GnTI to q p ratio in NGS and LGS reduces the rate of GlcNAc transfer onto Man5, and because less UDP-GlcNAc is being consumed for this reaction, this NS accumulates within the cells.
In contrast to GlcNAc occupancy, production of galactosylated glycoforms (G1F and G2F, Figures 4 D and E, respectively) increases with higher glucose starvation. No statistical differences were observed for G1F secretion before and after starvation for the HGS and SGS
This article is protected by copyright. All rights reserved cultures, but a decrease of 1.5% ± 0.3% was observed for NGS and LGS (p<0.05). In general, more G2F glycoform was produced during the starvation interval. However, a more pronounced increase in G2F secretion before and after starvation was observed for the HGS and SGS cultures (P<0.001). The above results are also clearly reflected in Gal occupancy (Figure 4, bottom row) . Specifically, galactose occupancy was not affected for the HGS and SGS cases, but was observed to decrease for NGS and LGS (p<0.05).
When comparing galactose occupancy with intracellular UDP-Gal availability (Figure 2) , we see a positive correlation. Higher intracellular UDP-Gal availability occurs for the most glucose starved cultures (HGS and SGS). In turn, these cultures present higher galactose occupancy during the starvation interval. The mechanisms underlying the interplay between intracellular UDP-Gal concentration, galactose occupancy and specific mAb productivity are consistent with the arguments put forth for GlcNAc. UDP-Gal accumulation in HGS and SGS is unlikely due to excess biosynthesis because these cultures were performed under considerable glucose limitation. Considering this, the most likely cause for intracellular UDP-Gal accumulation is that it is being consumed at a lower rate due to the low specific mAb productivity observed under these glucose starvation conditions (HGS and SGS). In turn, a lower q p also implies higher residence time within the Golgi apparatus which would allow for further processing of the mAb-bound glycans, leading to higher galactose occupancy.
Effect of culture duration
Appropriate harvest criteria need to be selected for mAb manufacture. Here, we analyzed the fed-batch culture at different time points and try to understand the balance between titer and quality of the mAbs in relation to the culture duration.
As shown in Figure 1 C, the specific productivity of mAbs was lower in early growth phase (slope 1, day 2 to 5) comparing to that in late growth phase and early stationary phase (slope 2, day 5 to 9), which indicates there is an increase in q p after temperature shift.
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With regards to glycosylation (Figure 3 and Figure S1 ), it has been demonstrated by a trend of overall increases in Man5 and A1G0F, and decreases in G1F, G2F, and GlcNac and galactose occupancy along cultivation. This finding is in accordance with the apparent accumulation of UDP-GlcNAc and UDP-Gal during the cell culture as well (Figure 2) .
More specifically, the most dramatic changes in glycoform distribution observed in this study occur between days 5 and 9 (Figure 3) , where Man5 glycoform abundance increases by 11.6% ± 0.3% and the G1F glycoform decreases by 11.9% ± 0.7%. The similarity between the changes in Man5 and G1F abundance is striking and is likely related: higher Man5 production leaves less glycoprotein substrate available for galactosylation during later stages of the glycosylation process within the Golgi apparatus. It is therefore possible that the drop in galactosylation is a direct consequence of high Man5 secretion.
A similar correlation (glycans become less processed with extended culture duration) has also been reported in other studies (Bibila and Robinson 1995; Hooker et al. 1995; Pacis et al. 2011; Robinson et al. 1994; Shi and Goudar 2014) , which indicate that this could be a general phenomenon. Three major hypotheses have been proposed explaining such a phenomenon:
(1) A bottleneck in the availability of nucleotide sugar substrates with respect to culture duration may exist (Hooker et al. 1995) . However, this possibility can be ruled out in the NGS process, as the nucleotide sugar substrates such as UDP-GlcNAc and UDP-Gal were accumulated in the cells over time (Figure 2 ). (2) Cell death and lysis, may elevate the activity of extracellular glycosidase, especially sialidase in the culture, and thus increase the glycan degradation (Chee Furng Wong et al. 2005 ). However, it has also been demonstrated that CHO-derived glycosidases including β-galactosidase, β-hexosaminidase may be less likely to contribute to the lower GlcNAc and Gal occupancy, since they exhibit very low activity at typical culture pH (Gramer and Goochee 1993) . (3) Reduced expression or activity of Golgi-associated mannosidase and glycosyltransferases during the course of culture
This article is protected by copyright. All rights reserved (Robinson et al. 1994) can lead to high mannose and low galactosylation. However, as reported previously, the changes in expression of GlcNAc transferase I (GnT1) during the course of a cell culture is cell line-dependent and do not show any general trend of decline (Fan et al. 2015; Pacis et al. 2011) . Additionally, no apparent down-regulation was observed in the expressions of GlcNAc transferase II (GnTII) and various galactose transferases (GalT) along with increased culture duration (Wong et al. 2010a) . Temperature shift may contribute to the decreases before and after day 5 in glycan maturation as a result of reduced activities of these enzymes. Additionally, Figure 1 C also shows that the q p increases after the temperature shift on day 5 (slope 1 vs. slope 2). Therefore, it is possible that this increase in q p causes the decrease in glycoform complexity between 5 and 9 days of culture (This correlation is also indicated by Figure S2 ). If the abundance of GnTI relative to the q p goes below a certain level, lower GlcNAc occupancy will be achieved. These results point to the importance of considering the capability of glycosylation machinery available with respect to specific productivity. However, all the three major hypotheses do not completely explain the reported system-level data. Further investigations are needed in understanding the root cause of this type of glycosylation change.
Comparative proteomics analysis between early growth phase and early stationary phase in fed-batch
In order to gain insight into the fundamental differences in the cell culture from early growth phase to early stationary phase, in-depth analysis of proteome changes in cells from the two phases in the NGS process was performed.
In total across all samples, 5113 proteins were identified with FDR<1% in the proteomics data (Table SIII) , in which 4647 proteins were processed using gene set enrichment analysis (GSEA , Table SV ). 3294 proteins were enriched into 228 and 334 gene sets using functional database and gene ontology database, respectively (Tables SVI and SVIII) . Enrichment maps
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Briefly, the genes in the gene sets with transcription, cell cycle and nucleotide metabolism related activity were generally expressed at higher level in early growth phase, which is consistent with the rapid cell growth during this phase. The majority of proteins encoded by these genes are located in nucleus (283 proteins).
On the other hand, the genes in the gene sets regarding glucose, lipid, and nucleotide sugar metabolism, environmental sensing and signal transduction, protein trafficking and secretion, extracellular matrix regulation, glycosylation and apoptosis related activity were up-regulated in early stationary phase. The proteins encoded by these genes are mainly located at membrane (262 proteins) and extracellular region (45 proteins).
Specifically, increasing environmental sensing and signal transduction related activity in early stationary phase involved a number of gene sets found in both databases. This implies that cells may be more sensitive to and tightly regulated upon environmental changes, for example media and process conditions in early stationary phase than in early growth phase.
Another interesting point we found is that protein trafficking and secretion were more active in early stationary phase with regard to in early growth phase, as a large set of genes involved in this activity were up-regulated. Therefore, we suggest that the cellular machinery in relation to protein secretion was more active for cells in early stationary phase than in early growth phase. In contrast to that, genes in the gene sets regarding glycosylation related activity are very few, although they were shown to be up-regulated ( Figure 5 ).
Taking one step more, we further specifically analyzed the proteome involved in the secretion machinery (Table SXI) , nucleotide sugar synthesis pathway (Table SXII) and biosynthesis pathway of N-glycans (Table SXIII) .
The relative activation of secretion machinery during the early stationary phase has been demonstrated in (Table SXI) . We found that 12 proteins were up-regulated in early stationary phase within our cut-off criteria. Out of the 12 proteins three (XP_007653021, XP_003499981 and XP_003512468) are directly related to protein transport in the cell and three (XP_003504664, XP_003501071 and XP_003507839) are responsible for protein folding. In contrast, only seven proteins were up-regulated in early growth phase within the cut-off criteria. Interestingly, three of them were heat-shock proteins (HSP), which may reflect the effect of temperature shift during the culture. It is also worth to mention that many of the HSPs are glycosylated (Baycin-Hizal et al. 2012) , and the glycosylation of them might compete with recombinant protein glycosylation.
In the nucleotide sugar synthesis pathway, Proteins XP_007612718, NP_001233687 and XP_003515993 that are responsible for UDP-Glc and UDP-Gal biosynthesis were slightly up-regulated in early stationary phase (Table SXII) . The expressions of NP_001233638 and XP_003514714 that can direct UDP-GlcNAc to UDP-GalNAc and N-Acetyl-Dmannosamine (ManNAc), respectively, were higher in early stationary phase. These results are in agreement with the findings above ( Figure 5 ) that genes involved in nucleotide sugar metabolism were generally up-regulated in early stationary phase.
Regarding the biosynthesis pathway of N-glycans (Table SXIII) , three proteins (XP_003500143, XP_003500900, XP_003508783) that are responsible for initiation of Nglycosylation in the ER were slightly up-regulated during early stationary phase. Very interestingly, the expression of only two protein α-mannosidase II (XP_003499415) and
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Taken together, the essential causal link between producing the more processed glycans in early growth phase than in early stationary phase could be narrowed down to the following two possibilities: Firstly, it may be attributed to the overall capabilities of protein secretion machinery from early growth phase to early stationary phase in the cells gradually exceeding the capability of protein glycosylation machinery that is specifically responsible for glycan maturation (indicated by the proteomics data and the data of intervals day 0-5 and day 5-9 in Figure S2 ). Secondly, it is also possible that the activities of enzymes that raise GlcNac and Gal occupancy may be reduced due to certain environmental change and/or physiological response (e.g. temperature shift and/or pH gradient across the network of ER and Golgi apparatus) of the cells with the cultivation duration increased.
Conclusion
Using the multi-pronged omics-based approaches, we have shown here the effects of glucose starvation and culture duration on fed-batch CHO cell culture producing monoclonal antibody and the underlying reasons that cause such effects. Glucose starvation at early stationary phase of the fed-batch culture exhibited a negative impact on growth, viability, and specific productivity of the cells. It was also shown that the changes of glycoforms (increased GlcNAc and Gal occupancy) in regard to increased degree of glucose starvation are most likely as a result of interplay between the dilution effect associated with change in q p and the changed nucleotide sugar metabolism. On the other hand, the effect of culture duration on the glycopatterns is dramatic. In general, longer culture duration seems to generate a higher abundance of less processed glycan structures. Especially between samples from early growth phase (days 2 and 5) and early stationary phase (day 9), the extent of such effect is immense, which was thought to be correlated with the fundamental physiological difference between
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This article is protected by copyright. All rights reserved cells in the two phases. For that reason, we took one step further to examine the differences between proteome levels in these two phases. We found that the expression of proteins regarding cell cycle progression and cell divisions are generally up-regulated in early growth phase. On the other hand, expression of proteins that is responsible for regulating cellular metabolism, extracellular matrix, apoptosis, protein secretion and glycosylation is generally higher in early stationary phase. Very importantly, a large repertoire of proteins concerning secretion machinery was generally up-regulated in early stationary phase, whereas only two proteins (α-mannosidase II and GnT1) regarding glycan maturation in Golgi apparatus were found to be slightly up-regulated. In this way, we gained deeper insight into the culture behavior and recombinant protein production on the basis of the molecular features of the cells. From the process control perspective, this proteome information could help discover and apply knowledge of cellular functions in response to changes in process conditions, in order to explore possiblities of producing recombinant product with optimal productivity and quatlity.
We have not excluded the possibility of cell line specific effects on our data, and ideally different cell lines should be further investigated. However, the omics-based analysis constitutes a powerful tool for studying the physiological profiles of cells under different culture conditions and linking that with the quantity and quality of the recombinant product. (-) rate of glucose, lactate, glutamine, glutamate and ammonia from day 9 to day 12 were calculated as: . and are the concentration of nutrients or metabolites in the cell culture on day 9 after feeding and on day 12 before feeding, respectively. and are IVC on day 9 and day 12, respectively. Slope 1: from day 2 to day 5; slope 2: from day 5 to day 9. can be used as alternative carbon source to drive the TCA cycle. Once lactate is depleted, cells will mainly depend on using glutamine and other amino acids to support energy production and thus generate NH4+. presented for the intervals before (5 to 9d) and after (9 to 12d) of glucose limitation. Each bar represents the different conditions of glucose limitation during the day 9 to 12 period: NGS,
Figure legends
LGS, HGS and SGS. The values shown correspond to means for duplicate (n=2) cultures and statistical analysis was performed as described in the materials and methods. The criteria for significant differences are: * for p<0.05, ** for p<0.01 and *** for p<0.001. 
